The supersymmetric sector of minimal supersymmetric standard model (MSSM) possesses a U (1) R-symmetry which contains Z 2 matter parity. Non-zero neutrino masses, consistent with a 'redefined' R-symmetry, are possible through the see-saw mechanism and/or a pair of superheavy (mass M ) SU (2) L triplets with vev ∼ M 2 W /M . If this R-symmetry is respected by the higher order terms, then baryon number conservation follows as an immediate consequence. In the presence of right handed neutrinos, the observed baryon asymmetry of the universe arises via leptogenesis. An interplay of R-and Peccei-Quinn symmetry simultaneously resolves the strong CP and µ problems. *
Although quite compelling, the minimal supersymmetric standard model (MSSM) fails to address a number of important challenges. For instance, to explain the apparent stability of the proton, it must be assumed that the dimensionless coefficients accompanying dimension five operators are of order 10 −8 or less. The strong CP and µ problems loom large in the background, and the observed baryon asymmetry, it appears, cannot be explained within the MSSM framework. Last, but by no means least, there is increasing evidence for non-zero neutrino masses from a variety of experiments.
In a recent paper [1] , we offered one approach for resolving many of the above problems. It relied on extending the gauge symmetry to SU(2) L × SU(2) R × U(1) B−L , with a global U(1) R-symmetry playing an essential role. The magnitude of the supersymmetric µ term of MSSM was directly related to the gravitino mass m 3/2 (∼ 1 TeV) which, in turn, arises from the hidden sector a la supergravity. The left-right symmetry ensures the presence of right handed neutrino superfields and consequently non-zero neutrino masses, while the R-symmetry implies an accidental global U(1) B symmetry which explains why the proton is so stable. Note that the R-symmetry is spontaneously and perhaps even explicitly broken by the hidden sector. The soft (quadratic and trilinear) supersymmetry breaking terms in the visible sector are expected to explicitly break the R-symmetry.
In this paper, we wish to provide a resolution of the problems listed above without departing from the SU(3) c × SU(2) L × U(1) Y framework of MSSM. We observe that the MSSM superpotential W possesses a global U(1) R-symmetry [2] in which Z 2 matter parity is embedded. We show how neutrino masses can be incorporated while preserving a (redefined) R-symmetry. When extended to higher orders, this symmetry ensures the appearance of global U(1) B , thereby guaranteeing proton stability. In the case where right handed neutrinos are included, the observed baryon asymmetry of the universe can arise, as we will see, via leptogenesis. The approach followed here also provides the framework for an elegant resolution of the strong CP and µ problems of MSSM, with the R-symmetry once again playing an essential role.
The MSSM superpotential W contains the following renormalizable terms (we will not distinguish between the generations in this paper): 
We have normalized the R charges such that W carries two units.
The introduction of the right handed neutrino superfields, ν c , gives rise, consistent with Z mp 2 , to two additional renormalizable superpotential couplings
where M R is the Majorana mass matrix of the superheavy right handed neutrinos. The first term in Eq.(3) fixes the quantum numbers of the right handed neutrinos, namely,
The second term violates both U(1) L and U(1) R , but the combination
is now the new R-symmetry of the superpotential. In addition, the Z m (m ≥ 0) factors, the U(1) B violating combinations (3 · 3 · 3) n or (3 ·3 ·3) n with n = odd ≥ 1 are not allowed. Similarly, analogous couplings but with n = even ≥ 2 are also not allowed since their R ′ charge exceeds two units and cannot be compensated. In particular, the troublesome dimension five operators QQQL and
One can next show that U(1) R ′ implies Z We now present an alternative scheme for introducing non-zero neutrino masses in MSSM . This scheme is, actually, quite familiar [4] from Grand Unified Theories (GUTs), and was recently considered within the non-supersymmetric standard model framework in Ref. [5] . Introduce, in MSSM, an SU(2) L triplet pair T,T , with hypercharges +1, -1 respectively. Consider the renormalizable superpotential couplings
the first two couplings, and M is some superheavy scale (taken real and positive by suitable phase redefinitions of the superfields T ,T ). The supersymmetric mass term in Eq. (5) breaks U(1) R and U(1) L but, in analogy with the previous discussion involving the ν c superfields, the superpotential defined by the terms in Eqs. (1) and (5) possesses a redefined R-symmetry generated by
The R ′′ charges of the various superfields are:
Both U(1) B and lepton parity remain unbroken in this case too. Finally, as with the The complete set of double-cut diagrams for leptogenesis from a decaying fermionic ν c , which is the relevant case for inflationary models where the inflaton predominantly decays to a fermionic right handed neutrino, is displayed in Fig.1 . The resulting lepton asymmetry, in this case, can be estimated [7] to be 
is the light neutrino mass matrix in the same basis, with t (a complex symmetric matrix) and α being the coefficients of the first and second terms in Eq.(5) respectively. It should be noted that this estimate holds provided that M R i is much smaller than the mass of the other ν c 's and the mass M of the triplets . Eq. (8) gives [7] the bound
which, for T r ≈ 10 9 GeV (consistent with the gravitino constraint), m inf l ≈ 3×10 13 GeV,
GeV (see Ref. [7] ), | H (1) | ≈ 174 GeV, and m ντ ≈ 5 eV (providing the hot dark matter of the universe), gives |n L /s| < ∼ 3 × 10 −9 . This is large enough to account for the observed baryon asymmetry of the universe. It is important though to ensure that the lepton asymmetry is not erased by lepton number violating 2 → 2 scatterings at all temperatures between T r and 100 GeV. This requirement gives [8] Thus, efficient leptogenesis can take place only in the presence of ν c 's.
We have seen how U(1) B arises as a consequence of requiring the superpotential W (including higher order terms) to respect a U(1) R-symmetry. Among other things, this explains why the proton is so stable. However, the learned reader may be concerned that requiring the non-renormalizable terms in the superpotential to respect a continuous Rsymmetry may not be a reasonable thing to do. Indeed, one may wonder if continuous global symmetries such as U(1)R or the Peccei-Quinn [9] (U(1) P Q ) symmetry, rather than being imposed, can arise in some more 'natural' manner. One way how this may occur was pointed out in Ref. [10] . Here, discrete (including R-) symmetries that typically arise after compactification could effectively behave as if they are continuous. Furthermore, such 'continuous' symmetries can be very useful in resolving problems other than the one of proton stability. To see this, let us now address the strong CP and µ problems of MSSM. It has been noted by earlier authors [11] that a continuous U(1) R-symmetry can be relevant for the solution of the µ problem. By invoking U(1) P Q and combining it with the U(1) R-symmetry above, we will provide a resolution of both the strong CP and µ problems, with the U(1) R-symmetry playing an essential role in controlling the structure of the terms that are permitted at the non-renormalizable level.
It has been recognized for some time that, within the supergravity extension of MSSM, the existence of D-and F-flat directions in field space can generate an intermediate scale M I which, in the simplest case, is given by
where m 3/2 ∼ 1 TeV is the supersymmetry breaking scale and M P = 1.22 × 10 19 GeV is the Planck mass. It seems 'natural' to try and identify M I with the symmetry breaking
. We will now see how this idea, which simultaneously resolves the strong CP and µ problems, can be elegantly realized in the presence of the U(1) R-symmetry. Note that the resolution of the µ problem forces us to consider non-renormalizable terms.
We supplement the MSSM spectrum with a pair of superfields N,N whose vevs will break U(1) P Q at an intermediate scale. W contains [13] the following terms:
The global symmetries of this superpotential are U(1) B , U(1) L (with the new superfields N,N being neutral under both), an anomalous Peccei-Quinn symmetry U(1) P Q , and a non-anomalous R-symmetry U(1)R. The P Q andR charges are as follows:
Note that the quartic terms in Eq.(12) carry a coefficient proportional to M −1 P which has been left out. The R-symmetry ensures that undesirable terms such as NN , which otherwise spoil the flat direction in the supersymmetric limit, are absent from Eq.(12).
After taking the supersymmetry breaking terms into account, one finds [13] that, for suitable choice of parameters, a solution with
is preferred over the one with N = N = 0. To see this, let us consider the relevant part of the scalar potential:
where λ/(2M P ) is the coefficient of the last superpotential term in Eq. (12) and A the dimensionless coefficient of the corresponding soft supersymmetry breaking term (λ is taken real and positive by appropriately redefining the phases of N,N ). This potential can be rewritten as
where ǫ, θ,θ are the phases of A, N,N respectively. Minimization of V then requires |N| = |N|, ǫ + 2θ + 2θ = π and V takes the form
It is now obvious that, for |A| > 4, the absolute minimum of the potential is at
Note that the N , N vevs together break U(1)R × U(1) P Q down to Z mp 2 . Substitution of these vevs in Eq. (12) shows that the µ parameter of MSSM is of order m 3/2 as desired. 
